Objective: In arteriosclerosis and bypass graft stenosis, intimal proliferation is controlled by local and systemic growth factors, such as platelet derived growth factor (PDGF) or insulin. Intimal hyperplasia can be produced in organ culture models. Our aim was to compare neointima formation in two organ culture models of internal mammary artery (IMA) and saphenous vein (SV), with special reference to the influence of systemic and local growth stimuli. Methods: Rings of freshly isolated human SV and IMA were cultured over a 3-, 6-or 8-day period. They were distributed into five groups of incubation protocols: incubation with 10% serum; insulin 50 ng/ml and 100 ng/ml; PDGF-BB 5 ng/ml and 10 ng/ml. Frozen sections of cultured rings and pre-culture segments were subjected to elastic stain and immunohistochemistry. Antibodies directed against beta-actin and smooth muscle alpha-actin were used to characterize smooth muscle cell phenotype and against proliferating cell nuclear antigen (PCNA) to demonstrate proliferating cells. Results: Growth factor incubation caused massive intimal hyperplasia with increased elastic fibers in SV and intimal smooth muscle cell as well as matrix accumulation in IMA. Intimal thickening, PCNA and beta-actin expression reached their maximum on day 6 of culture. In both culture models, serum, insulin and PDGF caused increasing intimal thickening, with more pronounced effects in SV. Conclusions: These organ culture models demonstrate the effects of insulin and PDGF on intimal hyperplasia in IMA and SV representing models for arteriosclerosis and bypass graft stenosis and stressing the role of insulin and growth factors for neointima development. q
Introduction
The proliferation of intimal smooth muscle cells (SMC), with the accumulation of proteoglycans, collagens, elastin and fibronectin in the extracellular matrix, is an important feature of several vascular pathologies including arteriosclerosis and the response of human saphenous vein (SV) to implantation as an arterial bypass graft [1, 2] . It has been proposed that neointima formation results from the interaction of extrinsic factors, such as lipoproteins or increased arterial pressure leading to the production of mitogens [1] , and the intrinsic growth regulatory properties of vascular endothelium and SMC [2] . Culture of cells isolated from human and animal vessels has identified multiple factors including platelet derived growth factor (PDGF), which promote proliferation in arteriosclerosis [3] . It has also been proposed that insulin plays a causative role in the formation of the arteriosclerotic lesion in diabetes through stimulation of SMC proliferation [4] .
Different organ culture models of SV and internal mammary artery (IMA) have been described [5, 6] , but the mechanisms of intimal proliferation have not been fully understood. In our study, we used an arterial and a venous ex-vivo culture model, in which the structural integrity of the vessel wall is maintained and the different cell types are located within their native extracellular matrix. The aim of this study was to compare neointima formation in two organ culture models of IMA and SV. Additionally, the reaction of the two culture models to growth stimuli, i.e. PDGF and insulin, was demonstrated. SMC proliferation, migration and actin expression, as well as vessel wall architecture and elastin distribution were investigated. 
Patient samples and surgical procedure
Samples were obtained from five patients with late-stage coronary heart disease (CHD) (four men and one woman, mean age 64 years, range 54-71 years), who underwent coronary artery bypass surgery. Ethical permission was obtained from the ethical committee of Justus Liebig University. Segments of IMA used for the experiment were angiographically and macroscopically normal. An angiogram of IMA was obtained during pre-operative coronary angiography. Patient profiles were as follows: arteriosclerosis risk factors: hypercholesterolemia in 3/5 patients, hypertension in 3/5, diabetes in 2/5, hyperuricemia in 2/5, nicotine in 1/5. Severity of CHD: two-vessel disease in 1/5 patients, three-vessel and/or diffuse coronary artery disease in 4/5. The pre-operative medication included beta-receptor blockers in 4/5 patients, nitrates in 4/5, amino-salicylic acid in 4/5, anti-cholesteremics in 3/5, ACE inhibitors in 2/5, and cortisone in 1/5. Immediately before and during anaesthesia, the following drugs were administered to each patient: flunitrazepam 2 mg and morphin sulfate 30 mg as pre-medication, anaesthesia was performed with i.v.-narcolept analgesia/intubation using sufentanil 375 mg (and remifentanil 7.5 mg in some cases) and nitrous oxide gas mixture. Additionally, arterenol 20 mg and the antibiotic cefuroxim 1.5 g were administered intravenously as well as blood transfusions, if necessary. Our investigation conforms with the principles outlined in the Declaration of Helsinki [7] . Segments of SV consisted of surgically prepared excess vein using a 'no touch' technique [8, 9] , that was left over after the completion of coronary anastomoses. Segments of IMA consisted of excess surgically prepared artery [10] , dissected on a pedicle of retrosternal fat tissue with side branches ligated by metal clips. Both vessel segments were initially perfused with heparin, then maintained in cooled Ringer's solution (48C) and immediately transferred to the tissue culture laboratory for preparation.
Tissue culture
Intimal hyperplasia was provoked in established organ culture models of SV and IMA [5, 6] . Preperation of vessel segments was carried out as follows: excess fat and adventitial tissue was carefully dissected from the freshly isolated vessels. Rings of SV and IMA were gently cut at about 2 mm intervals with a scalpel blade, and endothelial cells remained undenuded. We took the vessel rings to Dulbecco's modified Eagle medium (DMEM) culture medium (Life Technologies, Germany) containing 10% fetal calf serum (FCS) (Biochrom, Germany) supplemented with penicillin (100 units/ml), streptomycin (100 mg/ml), amphotericin B (0.025 mg/ml) (all from Sigma, Germany) and l-ascorbic acid (Merck, Germany). Cultures were maintained at 378C in a humidified atmosphere with 5% (v/v) CO 2 in air. The culture medium was replaced every 2-3 days. When examining a 14-day culture period, the vessels were maintained without difficulty until the 8th day of culture and then tended to show signs of degeneration. Therefore, rings were taken out of culture on day 3, 6 and 8 in all the following experiments.
Vessel rings were distributed into five groups: (a) serum (culture medium containing 10% FCS without growth factors); (b) addition of insulin 50 ng/ml medium; (c) addition of insulin 100 ng/ml; (d) addition of PDGF-BB 5 ng/ ml; (e) addition of PDGF-BB 10 ng/ml (Fig. 1). 
Conventional staining and measurement procedures
Transverse cryostate sections (6 mm) were mounted on gelatin-coated slides and acetone-fixed. Conventional stain (haematoxylin-eosin) as well as elastic stain were applied. Measurements of intimal thickness were carried out with the help of a calibrated Merz-grating at equidistant points along the section length of each vessel using an image analyser (IBAS-2 Kontron, IBAS-Standard 2.0, 3CCD Sony). The intima of SV was defined as the layer of connective tissue between endothelium and media. The development of an intimal hyperplasia in SV was defined as the newly formed layer of cells and matrix substances adjacent to the endothelium above the pre-existing intima after culture, distinguished by loosely packed cells within an abundance of extracellular matrix (Fig. 2) . In IMA, intima and neointima were defined as the area between endothelium and internal elastic lamina (Fig. 2) . Intimal thickness was compared in pre-culture sections of each vessel with corresponding sections of incubation groups (a)-(e) as depicted in Fig. 1 . Results were obtained from five identical experiments and expressed as the median of intimal thickness measurements of the respective incubation groups versus pre-culture segments as well as 10 and 90% percentile. Data were tested for significance of difference using Mann-Whitney test for non-parametric analysis, as the data showed no standard distribution in Kolmogorov-Smirnov analysis. Differences were considered significant, if P value was less than 0.05. Statistic tests were carried out with the aid of SPSS software, version 9.0.
Immunohistochemistry
SMC distribution was investigated by immunohistochemistry with monoclonal antibodies against smooth muscle alpha-actin (Dako, Germany), which characterizes contractile SMC, and beta-actin (Sigma, Germany), and which is expressed predominantly in synthetic SMC [11] . Additionally, we demonstrated proliferating cells with a monoclonal antibody against proliferating cell nuclear antigen (PCNA) (Sigma, Germany) and endothelial cells through von Willebrand factor antibody (TaKaRa, Japan). Following initial incubation with normal goat serum to inhibit non-specific binding, sections were incubated with each antibody in the appropriate dilution (smooth muscle alpha-actin: 1:25; betaactin: 1:200; PCNA: 1:3000; von Willebrand factor: 1:20) for 12 h at 48C.
The reactions were visualized by a biotin-streptavidinalkaline phosphatase conjugate of secondary antibody (incubation 30-min each) and Fast Red stain (both from Sigma, Germany). The sections were counterstained with Mayer's hamalum. In negative control sections, the primary antibody was substituted by phosphate-buffered saline (PBS). We compared pre-culture sections against groups (a)-(e) of each vessel for smooth muscle alpha-actin and beta-actin expression. PCNA positive-staining cells were counted per microscopic field at 400-fold magnification, analyzing 10 fields per section.
Results
Transverse sections of segments of SV before culture showed a typical histologic appearance and consisted of an endothelial cell layer, a relatively thin medial layer (Fig. 3) , separated from the connective tissue-rich adventitial layer by the external elastic lamina. Histological examination of IMA showed elastic fibers between axially and longitudinally arranged SMC layers in the media and a welldefined, highly convoluted internal elastic lamina as a typical histologic feature of muscular type arteries, as well as an endothelial and adventitial layer (Fig. 4) . Microscopy of both vessels showed that the endothelial layer was undamaged. Following 8 days in culture, the endothelial monolayer was still intact and continuous in venous and arterial segments, and arterial and venous wall architecture were also intact.
After culture, SV and IMA segments all exhibited intimal hyperplasia consisting of several layers of cells embedded in an extracellular matrix of differing extent, that may contain different mucopolysaccharide substances, Sections of SV (A) and IMA (B) organ culture after insulin (100 ng/ml) incubation subjected to Von-Willebrand-factor immunostaining (endothelial cells). The endothelium (red arrows) of SV and IMA was not overgrown on the luminal side (A, B). The intimal hyperplasia zone is marked by white double-headed arrows, the media is marked by asterisks (A, B). In IMA, the lamina elastica interna is highlighted by a black arrow (B). Note the different architecture of intimal hyperplasia in SV (A) and IMA (B) organ culture. 100 £ (A) and 400 £ (B) magnification. Fig. 1 . The presented data were derived from morphometric, computerassisted measurements of intimal thickness of saphenous vein (SV) and internal mammary artery (IMA) segments analyzed 'pre-culture' (baseline) and after incubation with serum (10% FCS), insulin 50 or 100 ng/ml, and PDGF 5 or 10 ng/ml (incubation groups). (A): SV. The bars represent the median (mm) of differences between SV intimal thickness measurements of the different incubation groups and pre-culture segments. Intimal thickness measurements of pre-culture segments are defined as baseline (zero). The lines demonstrate the range from 10 to 90% percentile (mm). Data were tested for significance of difference using from Mann-Whitney test for nonparametric analysis; differences were considered significant for P , 0:05. The increase in intimal thickness in the incubation groups versus preculture shows high statistical significance (P , 0:001). Additionally, the different dosages of insulin and PDGF show significant differences in SV intimal thickness (P , 0:001 for insulin 50 versus 100 ng/ml, P , 0:05 for PDGF 5 versus 10 ng/ml and versus insulin 50 ng/ml). Differences between SV intimal thickness of incubation groups PDGF 10 ng/ml and insulin 100 ng/ml were not statistically significant (P . 0:05) (P values not shown in the plot). (B): IMA. The bars demonstrate the median (mm) of differences between IMA intimal thickness measurements of the different incubation groups and pre-culture segments, whereby pre-culture intimal thickness measurements are defined as baseline. Lines represent the range from 10 to 90% percentile (mm). The increase in intimal thickness in the incubation groups versus pre-culture shows high statistical significance (P , 0:001, Mann-Whitney test). In addition, different dosages of insulin and PDGF show significant differences in IMA intimal thickness (P , 0:001 for PDGF 5 versus 10 ng/ml and versus insulin 50 ng/ml and for PDGF 10 ng/ml versus insulin 100 ng/ml). The differences between IMA intimal thickness of the incubation groups insulin 50 versus 100 ng/ ml show no statistical significance (P . 0:05) (P values not shown in the plot).
proteins and glycoproteins [12] . In this study, only elastin distribution and immunostaining for cellular and proliferation markers was specifically investigated (Figs. 2-4) .
In SVs, intimal thickening was produced easily, moderate intimal thickening developed even when incubated with 10% FCS only (Figs. 1 and 3 ). This intimal thickening showed different morphological features than the arterial neointima (therefore termed 'intimal hyperplasia'). The intimal hyperplasia of SV developed above the pre-existing intima, consisted of densely packed extracellular matrix and was overall more cellular than arterial neointima. There was no strict demarcation to the media, whereas in IMA the lamina elastica interna separated the neointima from the media (Fig. 2) . The growth of intimal hyperplasia in SV was caused by an increase in elastic fibers, demonstrated by elastic stain. Especially the intimal layer showed accumulation of short, probably degraded, elastic fibers (Fig. 3) . Between these fibers, we demonstrated alphaactin (not shown) and beta-actin positive SMC (Fig. 3) , which were PCNA-negative indicating a lack of current proliferation. In the media, some beta-actin positive, longitudinally arranged SMC and individual proliferating cells (PCNA) were demonstrated. We used insulin as growth factor because it is thought to play a causative role in the formation of arteriosclerotic lesions in diabetes [13, 14] . The successful dosage in vitro was 10-fold above the values found in plasma of healthy individuals, but was comparable to high plasma levels of patients with severe type II diabetes [15] . Additionally, we also used PDGF, a local growth factor, which yields the greatest degree of growth stimulation for SMC in vitro [16] . With insulin (Figs. 1 and 3) , intimal hyperplasia of SV increased up to 621% average (100 ng insulin/ml) against pre-culture, caused by an increase in elastic fibers and (lesser) SMC. With PDGF (Figs. 1 and 3) , there was even a greater increase in intimal hyperplasia up to 764% average (10 ng PDGF/ml). In media and hyperplasia zone, there was a corresponding increase in cell count of PCNA-positive cells (not shown): approxi- Fig. 4 . Sections of IMA organ culture subjected to elastic stain, demonstrating elastic fibers, of pre-culture (A), 10% serum (B), insulin 100 ng/ml (C) and PDGF 10 ng/ml (D) incubation, showing increasing intimal thickness through growth factors. The strongest increase in elastic fibers was demonstrated in PDGF-BB incubation (D), just as in SV (Fig. 3D) . Note the reduced effect of serum (B) and insulin incubation on IMA intimal hyperplasia (C) compared to SV (Fig. 3B,C) . Sections of IMA organ culture subjected to beta-actin immunostaining show the development of IMA intimal hyperplasia and an increase in beta-actin positive, synthetic smooth muscle cells before (E) and after growth factor incubation with PDGF 10 ng/ml (F). Double-headed arrows indicate measurement lines of intimal thickness from the endothelium to the lamina elastica interna. 400 £ magnification. mately two-fold with insulin 100 ng/ml and approximately six-fold with PDGF 10 ng/ml as compared to the serum group (analyzed in 400-fold magnification); pre-culture segments showed no PCNA reactivity. Intimal thickening of SV increased mainly from day 3 to day 6 and only minimally from day 6 to day 8. After incubation of SV with PDGF, we found a greater increase in alpha-actin and beta-actin positive cells compared to insulin.
In IMA, we found varying results. It seemed to depend upon the preservation of the vessel, whether the artery segment could be maintained over an 8-day culture period. On the other hand, individual factors seemed to determine, whether or not neointima formation occurred, with some vessels being resistant even to growth stimuli in increased dosage up to 1000 ng/ml of insulin and 20 ng/ml of PDGF, as determined in preceding tests. Generally, the cultured IMA showed slight to moderate intimal thickening in the serum group (Figs. 1 and 4) . The intimal thickness correlated with the thickness of pre-existing intima. Histological examination of cultured IMA showed the development of a neointima containing SMC identified by immunohistochemistry for alpha-actin and beta-actin (Fig. 4) . The growth of intimal hyperplasia with insulin, respectively, PDGF (Fig. 4) was caused by accumulation of SMC and by an increase in extracellular matrix, resembling early neointima formation in arteriosclerosis [2] though without lipidic deposits and macrophage accumulation, as these were not contained in the organ culture model. However, we did not find the distinctly different effects of growth factors in the cell count of PCNA positive cells in IMA, as demonstrated in SV. PDGF also had a stronger effect than insulin on intimal thickening in IMA (Figs. 1 and 4) .
When comparing the two models, beta-actin (Figs. 3 and 4) and PCNA (data not shown) positive cells showed a corresponding increase within the individual models, but a less extensive increase in IMA than in SV.
Endothelial cells, demonstrated by immunostaining with von Willebrand factor, were constantly situated on the luminal border of either SV or IMA (Fig. 2) with a moderate increase in adventitial vasa vasorum under growth stimuli. We did not find overgrowth of the endothelial layer by SMC from the cut edges.
Discussion
The two organ culture models were used to investigate the basis of intimal proliferation in a setting which preserved the anatomical relationship of endothelium, smooth muscle and extracellular matrix. Morphological examination of the intimal surface showed that the endothelium was maintained over a large proportion of the surface during preparation for culturing of the vessels. The morphological appearance of endothelial cells was largely unaltered after the culture period. Therefore, the physiological interaction of endothelium and SMC was not interrupted, as in many other cell culture models (cell monolayers). It can be assumed that the morphological changes observed in the culture systems were comparable to pathophysiological processes occurring in vivo.
We found short, probably degraded elastic fibers accumulating in the intimal layer, mainly in SV culture. Degradation and increase of elastin peptide was demonstrated in neointima [17] and explained by an increased turnover of elastin with consecutive activation of elastases.
Other authors [18] have reported that the SMC of neointima in cultured SV seemed to originate from the cut edges and assumed that they migrated from the adventitia of the vein segments. According to these reports, endothelial cells originally lining the luminal surface of the vessel segments became overgrown by these cells. In our study, the SV culture model showed moderate intimal thickening already without growth factor addition. However, there was no overgrowth of the endothelial layer by SMC from the cut edges (Fig. 2) . The classical concept of neointima formation states that intimal SMC migrate across the internal elastic lamina into the vascular intima, proliferate and produce extracellular matrix, thereby forming an important component of the occlusive mass of fibroatheromatous plaques in arteriosclerotic arteries and in SV grafts. Referring to this concept, we suppose that in the SV culture model SMC forming the intimal hyperplasia stemmed from the media.
The cultured IMA showed slight or moderate intimal thickening in the serum group. A positive correlation was also found between the degree of existing intima and intimal thickening. Hence, a neointima may be more likely to develop, where previous migration of SMC from the medial layer had already taken place to a minor extent.
In vivo, local vasoactive peptides or systemic growth factors act on vessels of patients with f.i. diabetes, hypertension or arteriosclerosis. Quiescent SMC express the PDGF receptor on their surface [19] . The PDGF-BB homodimer yields the greatest degree of growth stimulation for SMC [3] . PDGF also plays an essential role in SMC migration and intimal hyperplasia formation in human SV organ culture [20] . In light of these results, we chose PDGF as an example for a local growth factor. Diabetic patients have a greater risk for coronary heart disease events after coronary bypass graft surgery than non-diabetic patients [21] . Epidemiological prospective and clinical studies suggest that hyperinsulinemia may be an important risk factor for ischemic heart disease [13, 14] . So we examined the effect of insulin on the organ culture models.
In fact, intimal hyperplasia was amplified in our experiments through PDGF-BB and insulin in SV (Figs. 1 and 3) . The effect of insulin on venous intimal hyperplasia was augmented by increasing the dosage of insulin (Fig. 1) . According to investigations done in preparation of this study, a dosage of insulin higher than 100 ng/ml did not increase intimal hyperplasia in SV. But the fact that this insulin level can be reached in vivo is alarming considering the long-term effects on arterial bypass grafts. The dosage of PDGF-BB used in this study may be reached systemically in vivo in patients with acute coronary syndromes [22] . The demonstrated effects of PDGF-BB and insulin on the venous intimal hyperplasia may be a possible pathomechanism of vein graft stenosis.
In our study, intimal hyperplasia was less pronounced in IMA than in SV. The effects of both growth factors on intimal growth were also smaller in IMA (Figs. 1 and 4 ) than in SV (Figs. 1 and 3) , with PDGF being more effective than insulin. Even when stimulated with 10% FCS supplement to the culture medium, SV showed stronger growth of intimal hyperplasia than IMA. Studies of other authors, which were carried out in vivo as well as in vitro, may give possible explanations of this phenomenon. It has previously been shown for coronary bypass grafts that IMA grafts have a higher patency rate than SV grafts [23, 24] . In vitro, SMC outgrowth from explants of SV and IMA of the same patients is more pronounced in SV than in IMA [25] . Additionally, PDGF-BB stimulates 3 H-thymidine incorporation and increases cell number in SV, but not in IMA. SV shows a stronger downregulation of cell cycle inhibitor p27Kip1 upon stimulation [25] . Taken together, these results indicate that arterial SMC may have an inherent inhibiting effect on cell proliferation. They may explain the relative resistance to growth stimuli of SMC in IMA, which may contribute to the longer patency of arterial versus venous coronary bypass grafts. Increasing the dosage of insulin had no significant influence on the amount of intimal growth in IMA, however, increasing the dosage of PDGF had significantly more effect (Fig. 1) . We suggest that PDGF has a stronger effect on arterial SMC proliferation and intimal hyperplasia than insulin. This emphasizes the impact of PDGF on neointimal proliferation in arteriosclerosis.
In conclusion, PDGF and insulin both show dramatic effects on intimal hyperplasia of arteries and veins in vitro. These effects may also be expected to occur in vivo, as local and systemic growth factors play a crucial role in arteriosclerosis and bypass graft stenosis. The differing effects of insulin and PDGF on the venous and arterial organ culture models may contribute to the differences in patency rates between arterial and venous bypass grafts. Further studies on the effects of growth factors could undoubtedly increase our understanding of the formation of arteriosclerotic lesions and of neointima development in bypass grafts.
